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a b s t r a c t
Abiotic and biotic factors influencing distribution of microbiotic crusts within hot deserts, such as the
Mojave and Colorado Deserts, are poorly known. Our objective was to examine microbiotic crust
distributionwith reference to soil and parent material characteristics as well as plant functional groups in
wilderness areas of Joshua Tree National Park (JTNP). A total of 75 sites were visually assessed for crust
abundance and plant community composition; soil physical and chemical factors also were measured.
Microbiotic crusts of JTNP, in particular lichen and moss crusts, were not as well-developed or as widely
distributed as in other arid regions of North America. Algal crusts were most prevalent, lichen crusts were
sparse, and crusts containing mosses were rare, with average percent land surface absolute (and relative)
cover for these three cover categories being 11.4% (17.4%), 1.7% (2.7%), and 0.02% (0.02%), respectively.
Previously reported individual drivers of crust development, such as pH, electrical conductivity (EC), and
soil texture, did not appear to strongly influence crust development in this study of the Mojave and
Colorado Deserts. Proximity to granitic bedrock and grusy granitic soils associated with it were the key
determinants of microbiotic crust distribution in the wilderness areas of JTNP. In particular, crusts were
best developed in grusy granitic soils. Overall, our study emphasized the importance of geology in driving
crust distribution and its potential value as a predictor of where crusts may occur in the hot deserts of
North America.
1. Introduction
Worldwide, microbiotic crust communities serve important
ecological roles in vegetation-sparse arid and semiarid environ-
ments (see reviews of Evans and Johansen,1999; Belnap et al., 2001;
Belnap and Lange, 2003). Much is known about their functions in
soil stabilization, water relations, fertility, and organic matter accu-
mulation, as well as their ability to provide habitat for reptiles and
invertebrates, and their positive and negative effects on vascular
plant seedlingestablishment (West,1990; Johansen,1993; Evans and
Johansen, 1999; Belnap et al., 2001; Johansen and Schubert, 2001;
Shepherd et al., 2002; Zaady and Bouskila, 2002; Darby et al., 2007).
Crust function is tied to crust morphology and composition, and
these variables vary greatly between climatic regions (see reviews of
Johansen, 1986; West, 1990).
Many studies have examined relationships between environ-
mental variables and crust composition and cover to determine
which variablesmost influence crust development. Overall, climatic,
edaphic, geomorphic, and anthropogenic factors are important
drivers affecting crust establishment, distribution and composition
(see Belnap et al., 2001; Belnap and Lange, 2003 for reviews). In
the absence of disturbance, a number of abiotic factors have been
implicated as important for crust development, primarily soil
texture, pH, and electrical conductivity (Belnap et al., 2001, 2003).
Fine-textured soils with neutral to slightly alkaline pH and elevated
electrical conductivity seem to foster the best crust development
(Anderson et al., 1982a,b; Belnap, 2002; Johansen et al., 2001; Lalley
and Viles, 2006; Thompson et al., 2006).
In the United States, extensive ecological crust research has been
conducted in the cold deserts (Great Basin, Colorado Plateau; see
Belnap and Lange, 2003 for reviews), but little is known about
microbiotic crust ecology in the drier, hot deserts (e.g., Mojave and
Sonoran Deserts), where crusts are patchy in distribution. More-
over, most researchers have investigated sites with established
microbiotic soil crust or areas supporting crust prior to anthropo-
genic disturbance. Desert landscapes of the arid southwest have
been impacted by various human activities, including mining,
grazing, and military activities. However, even within these land-
scapes are gradients of disturbance (Johansen et al., 2001), with
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some remote sites experiencing relatively low levels of human-
caused disturbance (e.g., Belnap et al., 2007b). Comparisons of
relatively undisturbed uncrusted and crusted soils are lacking, and
the limits which preclude crust development remain unknown. In
one of the few studies conducted in the Mojave Desert, microbiotic
soil crusts were only 5e15 mm thick, less developed and patchier
in distribution compared to those found in cold deserts (Johansen
et al., 2001). In this study, sites varying in their documented human
impacts were included (e.g., intensively disturbed, moderately
disturbed, and relatively undisturbed) to study the relative influ-
ence of disturbance on crust development. Although disturbance
intensity was the primary predictor of crust development, some
relatively undisturbed areas did not develop crusts. Overall, it is
unclear how abiotic factors influence microbiotic crust develop-
ment in the hot deserts of North America.
Preliminary studies of spatially restricted areaswithin Joshua Tree
National Park (JTNP) indicated that microbiotic soil crusts were
visually abundant in some areas and absent (no consolidation of soil
surface particles) in others (Pietrasiak, 2005; Reháková et al., 2007).
It became evident that a larger survey area would be needed to
elucidatewhich environmental factors affect crust distribution in the
park. Consequently, we initiated a study that included visually
crusted and uncrusted soils that varied in their historical disturbance
intensities from moderate (in a few concentrated areas in the
northwest and south of thepark area) to lowdisturbance (most of the
park area). Joshua Tree National Park is well suited to such a study as
it consists mostly of wilderness land, includes eight different plant
communities, and represents two hot deserts, the southern part of
the Mojave Desert and the Colorado Desert (the northernmost reach
of the Sonoran Desert). Additionally, much of the park has been
federally protected since 1936, limiting anthropogenic disturbance at
our study sites for over the past 70 years (Greene, 1983).
Our primary goal for this study was to understand the factors
driving the distribution and abundance of microbiotic crust in
the hot deserts of Joshua Tree National Park. Our objective was to
ecologically assess microbiotic crust distribution and abundance
throughout the Park’s wilderness areas by studying the relationship
between biotic and abiotic variables with crust distribution and
development. Based on studies conducted in the other, colder
North American Deserts, we expected the best crust development
in areas with fine-textured soils, alkaline pH, and elevated electrical
conductivity.
2. Materials and methods
2.1. Site description
Joshua Tree National Park (JTNP) is located in central southern
California z225 km east of Los Angeles in between Interstate 10
and Highway 62, encompassing parts of Riverside and San Bernadino
Counties. Approximately 325,000 ha of parkland span over two
deserts, the southern part of the Mojave Desert and the northern
Colorado Desert (Fig. 1). Elevation ranges fromz163 to 1524 m. The
climate is arid; mean average annual precipitation is approximately
120 mm (http://www.wrcc.dri.edu/summary/Climsmsca.html) with
most precipitation falling in thewintermonths andminimal amounts
during the summer (MacMahon andWagner, 1985). However, annual
precipitation events are highly variable, both temporally and spatially
(Osborn, 1983). The higher elevation Mojave Desert occasionally
receives snow events during the winter (http://www.nps.gov/jotr).
2.2. Land use
For the past 5000 years human have occupied and used the land
of JTNP infrequently. No archeological records suggest a permanent
occupation by Native American tribes in the earlymillennia (Greene,
1983). Until the 1840s the area of JTNPwas traveled only marginally,
when American pioneers arrived. During this time mining activities
were initiated; approximately 300 mines were built in the JTNP
mountains, but most were abandoned in the early 20th century due
to their inefficiency (Greene, 1983, www.nps.gov/jotr).
As a result ofmining, roadswere improved and extended,making
these desert lands appealing to ranchers and settlers, particularly in
the regions northwest and south of today’s park boundary. Ranching
activities peaked in 1920 and declined afterwards. In 1936, cattle
grazing declined and was mostly eliminated when President Roo-
sevelt declared 825,340 acres of Joshua Tree a National Monument.
In 1950, parkland was decreased by 265,000 acres for mining
purposes, but was re-expanded in response to the Wilderness
ProtectionAct of 1964. In 1976, Congress designated 420,000 acres in
Fig. 1. Study sites within JTNP, California (:). Grey shaded areas represent wilderness areas within the park. Heavy lines represent the park boundary, light lines represent
major roads.
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Joshua Tree National Monument as wilderness land, and in 1994
Joshua Tree National Monument was changed to Joshua Tree
National Park under the Desert Protection Bill. With this declaration,
234,000 acres were added bringing the total wilderness area in the
park to 585,000 acres (www.nps.gov/jotr). This historical protection
makes JTNP ideal for a survey of where crust potentially can occur.
2.3. Field methods
Within JTNP, there are twelve wilderness areas comprising
237,000 ha.We established 75 siteswithin the park byplacing points
on a topographic map; these sites represented all 12 wilderness
areas and maximized dispersion of sites within in the park (Fig. 1).
Sites were placed at least 2 km away from any roads to minimize
human disturbance effects at our sites. UTM coordinates from these
map points were transferred intomobile GPS units to locate the field
sites. This approach removes potential investigator bias and allows
more accurate estimation of crust cover. We sampled both visually
crusted and uncrusted sites to determine the factors favoring
development as well as those factors precluding crust formation.
Steep, rocky mountainous slopes were excluded from our study due
to the logistical difficulty in sampling such sites and the paucity of
soil (and thus microbiotic crusts) found in such terrain. Fieldwork
was conducted between 23 May and 16 August 2007.
We included 75 intensively studied sites and an additional 140
sites that were only visually assessed for crust cover. At each inten-
sively studied site, three parallel 50m transectswere established. For
consistency, transects were placed perpendicular to the direction of
major water runoff, with each transect being approximately 20 m
apart from each other (See Fig. 2 for sampling scheme). A total of 100,
1.0 m2 plots were placed at the outer transects (50 per transect), and
were scored for visual presence/absence of total crust, algal crust,
lichen crust, moss crust, mixed crust (algal crust with lichen or moss
thalli smaller than 1 cm2), woody shrubs, cacti, perennial plants,
rocks, and boulders/bedrock (Fig. 2). Percent frequency was deter-
mined as the percent presence in these 100 plots. In addition,
the developmental stage of the algal crust was recorded in the
percent frequency plots as incipient crust, unblackened algal crust,
and blackened crust. For the topsoil to be called crust, some degree of
consolidation and evidence of fine filaments was required. Incipient
crust was defined as crust, which had weak soil consolidation, but
still some indication of fungal hyphae or algal filaments, and could
break very easily by shaking. Unblackened algal crust was defined as
having good consolidation, which did not break easily by mechan-
ically shaking and showing visible evidence of filaments. Blackened
algal crust was the best-developed algal crust stage showing a dark-
ening of the topsoil surface. In this study, we recognize that
cyanobacteria are the dominant components of algal crusts of this
region (Johansen et al., 2001), but we will refer to all cyanobacterial-
dominated crusts as algal crusts, as we did not confirm microbial
composition with microscope analysis. Lichen crusts were sub-
categorized into cyanobacterial and green algal lichen crusts, and
lichen species were recorded.Woody shrubs and cacti were recorded
by species, and perennial plants were subcategorized as grasses
or forbs. These data were later used to characterize the plant
communities surveyed.
Using the point-line intercept method, we estimated absolute
ground cover of the following biotic and abiotic categories: total
crust, algal crustwith developmental subcategories, lichen crustwith
subcategories, moss crust, mixed crust, woody shrubs by species,
cacti by species, annuals, perennial forbs and grasses, rocks, pebbles,
gravel, litter and bare soil. All abiotic and biotic land surface cover
categories found in the landscape were considered equally impor-
tant.With this landscape approachwe objectively characterized how
much of the entire land surfacewas covered bymicrobiotic crust and
how much was explained by the other ecosystem components (e.g.,
vascular plants, gravel, rocks etc.). Thus, these values are lower than if
we had only considered the portion of the soil surface available for
crust establishment. For comparison purposes with other literature
on desert crusts, we also calculated relative crust abundance, which
takes into account the proportion of land surface potentially available
for crust development (i.e., excluding areas of physical land surface
components such as gravel, cobbles, rocks and boulder). A total of 250
points were read in the center transect (every 20 cm on the transect)
to score these variables.
Soil stability (9 replicates for each site by depth combination
taken along the center transect) was determined at each site by
removing 1 cm2 of soil from the surface and from a 3 cm depth and
dipping the sample into water chambers. The stability assessment
used the classification proposed by Herrick et al. (2001).
One composite soil sample (surface to 3 cm depth) consisting of
10 subsamples sampled every 5 m was collected along the central
transect for use in all subsequent laboratory tests (Grondin and
Johansen, 1993). An additional composite sample of surface soil only
(surface to 1 cmdepth)was taken by sampling 10 cmaway from each
of the composite (surface to 3 cmdepth) samples. The first composite
sample was subsequently used for determination of soil character-
istics, while the second was reserved for examination of soil algae.
In addition to the quantitative crust abundance data taken at the
75 sites as described above, a visual assessment of each site was
made by walking over the area and assigning it to a single crust
cover category. We developed a categorical classification system
to describe microbiotic soil crusts using the dominant community
members and the crust’s relative development (according to rela-
tive crust patch size and crust stability in response to mechanical
shaking by hand). Categories included: 1) 0 for absence of crust or
presence of only incipient crust; 2) A1, A2, A3 for algal crust, with 1,
2, and 3 representing increasing development. A1 had crust
scattered in an area less than 5 m2, A2 was characterized by crust
patches scattered over an area of greater than 5 m2 but not more
than 10 m2, and A3 had blackened crust covering an extensive area
greater than 10 m2 with algae more visible than lichens; 3) L1, L2,
L3 for lichen crust (algae were also usually present) with 1, 2, and 3
representing increasing development. The lichen categories used
the same scoring scheme for algae given above; 4) M1, M2, M3 for
the crusts containing mosses (algae and lichens were also usually
present). In M1, moss had to be present in at least one patch in an
20 m
Point-Line Intercept
Cover
Soil Stability Test
Composite Soil Sample
Percent Frequency
Method
Percent Frequency
Method50 m
20 m
Fig. 2. Sampling scheme showing three parallel transects, with the outer two used for
50 frequency quadrats each, and the inner transect used for 250 points for determi-
nation of percent cover. Stability tests and soil samples were taken from the central
transect.
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area less than 5 m2. M2 and M3were scored in the same manner as
for algal and lichen crusts.
In addition to the 75 established intensively sampled plots
described above, we also applied the visual assessment categories
(0, A1, A2, etc.) to 140 other sites visited while hiking through the
wilderness areas and noting presence or absence of visual crust
cover. Most of these sites were selected because we noted some
evidence of soil crusts. However, some sites with no visually
apparent crusts (with no soil surface consolidation) also were
included during our surveys.
2.4. Laboratory analyses
Composite soil samples collected in the field were air dried
overnight. After drying, samples were sieved (2 mm) to separate
gravel from the fine earth fraction. Litter was removed, and micro-
biotic soil crust aggregates were pressed through the 2 mmmesh to
separate soil particles from soil organic matter. Total gravel content
was determined gravimetrically from the total weight of the sample.
Percentage of sand, silt and clay was determined using a modi-
fied Bouyoucos hydrometer method (Gee and Or, 2002) with
the following modifications: from each sample 90 g of air dried fine
earth was soaked for 24 h with 50 ml of 10% sodium hexameta-
phosphate to enhance soil dispersion. The sample was than mixed
for 5 min with a conventional shake mixer. Sand fractions of very
coarse sand, coarse sand, medium sand, fine sand and very fine sand
were determined with the recovered sand from the hydrometer
analysis. This workwas conducted using standard sand sieves by the
Soil Testing Laboratory at Brigham Young University, UT.
To determine soil pH and electrical conductivity (EC), saturated
soil pastes were prepared following the method described in the
USDAHandbook No. 60 (U.S. Salinity Laboratory Staff, 1954). For each
sample, 200 g soil was combined with deionized water until it yiel-
ded a paste-like consistency. Measurements were taken 12 h later.
2.5. Statistics
Data from the 75 intensively studied sites provided the basis for
all statistical analyses. Descriptive statistics for microbiotic
crust abundance measures and correlations between soil stability,
surface gravel and total crust cover were calculated (R 2.6.1, R
Development Core Team, Vienna, Austria). Canonical Correspon-
dence Analysis (CCA) was used to relate crust functional groups to
biotic and abiotic variables (e.g., plant functional groups and
physical factors) using both frequency and cover data (CANOCO 3.1,
Centre for Biometry, Wageneningen, The Netherlands). Data on
developmental stages of algal crust weremissing for four sites; thus
samples from these sites were omitted from the CCA analysis.
Explanatory (i.e., independent) variables used for the frequency
CCA were: elevation, particle size including sand fractions, pH,
EC, desert type, presence of grusy granitic soils, presence of desert
pavement, percent frequency of woody shrubs, cacti, perennials,
rocks, and presence of granitic boulders or exposed bedrock. The
following functional/taxonomic groups were included as depen-
dent variables: incipient crust, unblackened algal crust, blackened
algal crust, Collema spp., Peltula spp., Placidium sp., Psora luridella,
unknown cyanobacterial lichen (Heppia sp. or Peltula sp.), and moss
crust. Explanatory variables used for the cover CCAwere: elevation,
particle size including sand fractions, pH, EC, presence of grusy
granitic soils, presence of desert pavement, and desert type. Percent
frequencies of woody shrubs, cacti, perennials, rocks, and boulder/
bedrock was not used as explanatory variables for cover data due
to their methodological restrictions for frequency data only.
The dependent variables were the same as for the frequency CCA. A
Monte Carlo Permutation test with 499 permutations was used to
test for significance of the dependent variables (P > 0.05).
All environmental factors plotted were significant (P  0.05).
3. Results
3.1. Visual microbiotic crust assessments
Microbiotic crust development was confined strictly to deposi-
tional soils of thewilderness areas. Althoughwe detected lichens and
mosses growing in soil mountain slopes at a few sites, they typically
were restricted to the small colluvial soil accumulations on the shady
side of rocks and did not have sufficient development to be desig-
nated as “crusts”. By definition, a crusted site had to have surface soil
to support microbiotic crusts. Areas of extensive crust development
and richness ofmorphological crust groupswere foundmainly in the
granitic landscapes scattered throughout the park. These sites were
dominated by our crust cover classes A3, L3, andM3, indicating well-
developed, individual crust patches >10 m2. In regions with grusy
granitic soils, crust cover was35%. Surprisingly, many areas of high
crust diversity and visual cover were also in areas that have experi-
enced moderate disturbance levels (e.g., areas near former grazing
lands in the northwestern and southern portion of the park).
Throughout JTNP, microbiotic crust was detected in 66% of
the frequency plots assessed (7500 1 m2 quadrats in all), with the
percent frequency for individual sites ranging from 6 to 100%. Algal
crustwasmost common, being found inz65% of the plots (Table 1).
Incipient crust and unblackened crust were found in z30% of all
plots. Lichen crust was detected in only 17% of the plots. Cyano-
bacterial lichenwas found over twice as often as green algal lichen.
Collema dominated the lichen crust (Table 1). Blackened crust,moss,
and mixed crust were the most rare categories (Table 1).
Table 1
Mean absolute and relative percent cover as well as frequency for scored crust
abundance categories, vascular plants abundance categories, and physical land
surface categories in JTNP, CA. Relative cover was calculated as soil surface present
without cover of any physical land surface components (no gravel, cobbles, rock and
boulders). All cover values in subcategories sum to the value for their associated
main category. Frequency values generally do not sum in a similar fashion due to the
possibility of scoring presence of various subcategories in the same plot. Develop-
mental subcategories of algal crust frequency sum because highest developmental
stage was scored. Data are means (S.E.) (n ¼ 71e75).
Abundance
category
Average absolute
cover (%)
Average relative
cover (%)
Average
frequency (%)
Total crust 13.1 (1.6) 20.2 (2.3) 65.7 (3.1)
Algal crust 11.4 (1.3) 17.4 (1.8) 64.7 (3.1)
Incipient crust 4.1 (0.5) 6.9 (0.8) 28.9 (2.2)
Unblackened crust 5.7 (1.0) 8.4 (1.4) 26.6 (2.7)
Blackened crust 1.0 (0.3) 1.7 (0.5) 9.8 (2.1)
Lichen crust 1.7 (0.5) 2.7 (0.7) 17.3 (2.9)
Cyanobacteria lichen 1.5 (0.4) 2.3 (0.7) 16.2 (2.8)
Collema spp. 0.9 (0.3) 1.3 (0.4) 13.1 (2.6)
Peltula spp. 0.2 (0.1) 0.3 (0.1) 5.6 (1.2)
Unknown spp. 0.4 (0.2) 0.7 (0.3) 8.5 (1.9)
Green algae lichen 0.2 (0.1) 0.4 (0.1) 7.0 (1.7)
Placidium squam. 0.2 (0.1) 0.4 (0.1) 7.0 (1.7)
Psora spp. 0.0 (0) 0.0 (0) 0.03 (0.02)
Moss crust 0.02 (0.02) 0.02 (0.02) 1.0 (0.4)
Mixed crust 0.07 (0.04) 0.1 (0.05) 0.5 (0.4)
Woody shrubs 13.0 (1.3) 21.4 (2.0) 37.0 (2.8)
Perennial plants 1.5 (0.3) 2.5 (0.5) 17.6 (2.5)
Cacti 0.2 (0.1) 0.4 (0.1) 2.5 (0.5)
Annuals 12.4 (1.6) 18.8 (2.0) e
Litter 12.6 (0.8) 21.1 (1.4) e
Bare soil 11.0 (1.8) 15.6 (2.1) e
Gravel 21.6 (1.5) e e
Cobbles 9.7 (1.5) e e
Rocks 3.9 (0.8) e 29.1 (4.0)
Boulder 0.9 (0.3) e 3.8 (1.2)
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Total microbiotic crust in studied areas of JTNP had an absolute
mean ground cover (based on the point-line intercept method) of
13.1%  SE 1.6 and ranged from <0.4% to 61.2%. Average relative
crust cover as the relative portion of soil surface available for crust
establishment was 20.2%  SE 2.2 and ranged from 0% to 82.7%.
The remaining soil surface portion (omitting cover of physical land
surface components such as rocks) was occupied by vascular plants
(43.2% SE 2.5), litter (21.1% SE 1.4), and bare soil (15.6% SE 2.1).
The majority of the crust was composed of algal crust (Table 1).
Within the algal crust, the category unblackened algal crust had the
greatest mean cover, followed by incipient crust. Blackened algal
crust, moss and lichen crusts were minor components of ground
cover (Table 1). However, cyanobacterial lichen crust could reach
a maximum absolute cover of 25.2% in some sites, which was over
ten times greater than the maximum cover of absolute green algal
lichen crust (2.4%). Considering relative cover, cyanobacterial lichen
crust covered about seven times (32.0%) more soil than green algal
lichen crust (4.5%). Moss crust was only detected once using cover
methods and had a very low absolute and relative mean cover
(Table 1) as well as a limited distribution.
3.2. Visual assessment of non-crust land surface features
Perennial plant cover categories (woody shrubs, perennial plants,
and cacti) had relatively low frequencies (Table 1). Annual vascular
plants and plant litter were found at nearly all sites within the
wilderness areas studied and consequently were not quantified with
respect to frequency. Vascular plants covered a total of 27% (absolute
cover) of the area, with about half the cover due towoody shrubs and
half due to non-woody, annual plants (Table 1). Physical land features
(bare soil, rocks, etc.) contributed a total absolute mean cover of
z47% and thus dominated the surface of the landscape at JTNP.
3.3. Soil properties
Surface soil texture could be classified as ranging fromsilt loam to
sand (Schoeneberger et al., 2002), although sandy soils were clearly
most extensive. Percent sand ranged from 45.3 to 94.0%. Silt varied
from 4.5 to 50.2%. Clay was generally low, with values between 1.1
and 8.9%. Of all 75 soil samples, 57 had soil gravel contents above 15%
and thus were gravelly (>15e<35%) or very gravelly (>35e60%).
Mean soil pH was 7.4  SE 0.05 (n ¼ 75), with values varying
from slightly acidic to alkaline (pH 5.9e8.2). Mean E.C. was
779  SE 81.6 (n ¼ 75), with values varying from 232 to
5210 mS cm1. In general, very fine silty soils had higher pH and EC
values than other soil types. Soil stability showed only a weak
correlation with total crust cover (R2 ¼ 0.41, P ¼ 0.0002).
3.4. Relationships among microbiotic crust types and
explanatory variables
According to both our frequency and cover data, well-developed
crusts (blackened crust, various lichen crusts), poorly developed
crusts, and the rare crust categories including moss crusts were
associated with different explanatory variables (Figs. 3 and 4,
Table 2). Proximity to granite outcrops, as evidenced by the pres-
ence of grusy granitic soils as well as the presence of granitic
boulders or exposed bedrock were associated withmoss andmixed
crust abundance, as well as with the rare lichen P. luridella (Fig. 3).
Cyanolichen and blackened algal crusts (both with cyanobacteria
capable of fixing nitrogen) were associated with gravel, coarse
sand, and fine sand, as well as presence of boulders and grusy
granitic soils (Figs. 3 and 4). Higher elevation sites had relatively
less developed crusts (Figs. 3 and 4).
Relationships between explanatory variables and unblackened
algal crust and incipient algal crust could not be discerned with the
frequency data, as both crust types plotted near the origin (Fig. 3).
In contrast, more clear relationships between the explanatory
-0.7 0.8
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Fig. 3. CCA biplot for microbiotic crust frequency data showing significant explanatory
variables only. The first two axes describe a total of 82.0% of the explainable variability
in the data. The first axis (horizontal) described 55.7% of the specieseenvironment
relation (canonical eigenvalue ¼ 0.25) and the second axis (vertical), 26.3% (canonical
eigenvalue ¼ 0.12).
Fig. 4. CCA biplot for microbiotic crust cover data showing significant explanatory
variables only. The first two axes describe a total of 81.1% of the explainable variability in
the data. The first axis (horizontal) described 55.9% of the specieseenvironment relation
(canonical eigenvalue ¼ 0.21) and the second axis (vertical), 25.2% (canonical
eigenvalue ¼ 0.08).
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variables and the widely abundant incipient and unblackened crust
classes weremore apparent using cover data (Fig. 4). Incipient crust
was associated with high elevation and even more closely aligned
with fine sand. Unblackened crust was associated with coarse sand.
The cover data also indicated that well-developed cyanolichen and
blackened algal crusts were associated not only with grusy granitic
soil and gravel cover but also the Colorado Desert.
Not all environmental variables included in our CCA models
were important drivers of crust distribution and abundance, as
determined by Monte Carlo permutation tests. Very coarse sand,
silt, clay, presence of desert pavement, pH, and EC were not statis-
tically significant drivers for the cover and frequency models.
Additionally, for the frequencymodel only, woody shrubs, perennial
plants, rocks, and desert type were not statistically significant.
4. Discussion
4.1. Comparison of microbiotic crust distribution
with other desert regions
At a regional scale, the crusts of Joshua Tree National Park are
limited in their distribution based on absolute and relative cover
data, particularly for moss and lichen crusts. Compared to the cold
deserts of North America, in which microbiotic crusts are visually
abundant andwidespread (Evans and Johansen,1999; Belnap, 2002;
Rosentreter and Belnap, 2003), considerable crust patchiness and
low overall ground cover were observed in this and previous studies
of theMojave Desert (Johansen et al., 2001; Belnap, 2002; Pietrasiak,
2005; Thompson et al., 2005). Climatically, the deserts of JTNP differ
greatly from the cold deserts, with higher mean annual tempera-
tures and lower mean annual precipitation (Johansen, 1993). Addi-
tionally, unlike the cold deserts in which soil moisture is recharged
predictably each spring from snow melt, precipitation is more
pulsed and unpredictable in the hot deserts, such as the Mojave and
Colorado Deserts (Osborn, 1983). Soil moisture deficiency could be
one of the most important factors contributing to their limited
distribution, particularly for mosses and lichen crust types.
Similar to other Mojave Desert sites (Johansen et al., 2001;
Belnap et al., 2007a) the most prevalent crusts were incipient and
unblackened crusts, the least well-developed crust types. Well-
developed crusts containing algal, lichen andmoss crust types were
confined to grusy granitic soils, although they can be locally abun-
dant on these soil types (35e50% absolute cover; Pietrasiak, 2005).
Moss and green algal lichen crust were very rare components of the
park and were strictly limited to these grusy granitic soil habitats.
4.2. Factors driving microbiotic crust distribution
Physical factors, such as soil texture, also seem to impede more
prolific crust establishment in JTNP. Most soils in JTNP are very
sandy, and our most poorly developed crusts often were associated
with sandy soils. Many studies have shown the general negative
effect of increasing sand proportion on crust cover due to its low
water holding capacity (Kleiner and Harper, 1972, 1977; Anderson
et al., 1982a,b; Belnap, 2002; Eldridge et al., 2006). However, even
in areas with finely textured soils in JTNP, crust establishment
was patchy. This result contrasts with previous work in the Great
Basin (cold desert; Anderson et al., 1982a) and Sonoran (hot desert;
Belnap, 2002), in which crust establishment was most pronounced
in areas with finely textured soils. Two factors likely precluded
crust development in finely textured soils in our study. First, finely
textured soils often were associated with desert pavement, where
surface gravel and rock cover was so high that surface area available
for crust was minimal. Secondly, although potential water holding
capacity in finely textured soils can be high (Brady andWeil, 2002),
low and inconsistent precipitation likely prevent sufficient mois-
ture recharge for crusts to establish in these areas.
As revealed by the CCA analysis, it is apparent that a suite of
factors unique to the Mojave and Colorado Deserts play a role in the
development of microbiotic crust and deviation from that set of
conditions may inhibit crust establishment. Overall, only abiotic
factors (e.g., grusy granitic soils, percent coarse sand, and percent
gravel) significantly influenced the soil crust community distribu-
tion pattern in JTNP. Although the biotic factors selected in this study
did not show a detectable influence on total crust and crust func-
tional group abundance, other studies have shown relationships of
specific plant specieswith crust types (Johansen et al.,1981;Maestre
et al., 2002; Maestre and Cortina, 2002; Maestre, 2003; Thompson
et al., 2005; Thomas and Dougill, 2006). These discrepancies could
be contributed to the spatial extent of the study; our work surveyed
microbiotic crusts at the landscape-level, while studies showing
relationships with plant species focused on much smaller spatial
extents (<100 m2).
The most important predictor for crust abundance and distribu-
tion was geologic bedrock composition, which serves as parent
material for surrounding soils. All highly significant (P 0.01) factors
in both biplots (i.e., elevation and physical soil variables) were asso-
ciatedwith geology. The elevation gradient indicates the sequence of
metamorphic, granitic and alluvial landforms of the park, with
metamorphic forming the highest and rockiestmountains. Similar to
other studies in theMojave Desert (Thompson et al., 2005), elevation
and crust cover were negatively related in JTNP, although one of
the areas with greatest crust cover was located at higher elevation
(Wonderland of Rocks). Soil physical properties (sand fractionation
and percent soil gravel) distinguished soils originating from the
mesozoic granitic parent material, as soil derived from granite has
a high degree of soil gravel. Due to its characteristic mineralogy,
granite disintegrates into a gravelly to sandy sediment designated as
grus (Thomas and Goudie, 2000; Neuendorf et al., 2005). Presence of
grusy granitic soils, granitic boulder frequency and desert type (i.e.,
Mojave or Colorado) were significant explanatory variables in one or
both biplots, and all areaswithwell-developed crustmapped to areas
with Mesozoic granitic bedrock in both deserts (Table 2). Granitic
landscapes may provide a more favorable environment due to their
greater fragmentation (finer sands and gravels), lower soil temper-
atures in the summer (due to their light coloration and higher
albedo), and potentially higher soil moisture availability.
Sites in close proximity to granitic bedrock also had higher
crust functional group richness. Several green algal lichens and
even moss crusts were noticeable in such sites. In a previous study
at JTNP, granitic soils supported higher moss and lichen cover
compared to other soil types (Pietrasiak, 2005). Mosses require
moister and cooler climatic conditions than other crust types
(Martinez et al., 2006; Belnap et al., 2003). In our study, these crust
types were associated with increasing granitic boulder frequency.
Table 2
Significant explanatory variables for the CCA models using microbiotic crust
frequency (total inertia ¼ 1.07) and cover (total inertia ¼ 1.01) data. Presented are
P-values (F-ratios) associated with each variable (n.s. ¼ not significant).
Explanatory variable Frequency data Cover data
Presence of granitic boulder 0.036 (3.08) N/A
Presence of grusy, granitic soil 0.032 (2.52) 0.022 (4.14)
Gravel content 0.008 (3.81) 0.002 (6.46)
Coarse sand 0.002 (9.58) 0.024 (2.39)
Medium sand 0.002 (5.18) 0.036 (2.58)
Fine sand n.s. 0.002 (6.22)
Very fine sand 0.016 (4.63) 0.058 (3.50)
Elevation 0.002 (8.38) 0.002 (6.46)
Sonoran Desert n.s. 0.024 (3.32)
Presence of cacti 0.002 (8.26) N/A
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Shading by boulders may decrease evapotranspiration (Martinez
et al., 2006) and thus may provide more suitable microclimatic
conditions for lichens and mosses. In granitic landscapes, shallow
soil pockets also may provide a higher water table, improving soil
moisture availability. Greater available moisture lengthens the
hydration periods for lichens and algae, thus potentially enhancing
photosynthetic activity and reducing carbon loss (Jeffries et al.,
1993; Eldridge, 1996; Lange et al., 1998; Evans and Johansen, 1999).
Crust species also may benefit from the gravelly structure of grusy
granitic soils, which easily capture dust. With an increase in fine
particles, water holding capacity (Belnap, 2002), cation exchange
capacity, and moisture availability can be enhanced at the micro-
scale (Brady and Weil, 2002). In the Namib Desert, gravel was
suggested to function as collection traps for lichen fragments
(Lalley and Viles, 2006), potentially enhancing crust growth and
development. In addition, during rainfall events the granitic grus
might function as micro-watersheds, increasing the amount of
water contributed to small soil interspaces at this microscale.
In contrast to granitic sites, only the cyanolichens Collema spp.,
Peltula spp. andHeppia sp.were found onpiedmont slopes andbasins
in JTNP. These open spaces are constantly exposed to high radiation
and experience long periods of drought (Evans and Johansen, 1999).
Currently, it is unclear which traits support successful cyanolichen
establishment under these stressful environmental conditions. In our
study, and consistent with the findings of Johansen et al. (2001), the
lichens were all dark and blackish in color. This is different from the
lichen crusts of the Great Basin and Colorado Plateau, inwhichwhite,
light green, yellow, and rose-colored lichens also occur frequently as
a component of the flora, in addition to the dominant dark-colored
lichens. Studies with lichens suggest dark pigmentationmay provide
some photoprotection (Belnap et al., 2001, 2007b). Alternatively, dark
coloration (due to its lower albedo) may warm soils during winter
monthswhenwater is available. Futurework should focus on relating
morphological and physiological traits to stress tolerance in these
cyanolichens.
4.3. Microbiotic crust and soil stabilization
One of the most important ecological functions of microbiotic
crusts is thought to be soil surface stabilization, which reduces soil
erosion (Evans and Johansen, 1999). However, in JTNP microbiotic
crusts correlated only weakly with soil stability at the regional
scale. This weak correlation can be explained by the presence of
physicochemical (i.e., non-biological) crusts and/or higher vascular
plant cover in areas lacking microbiotic crusts. Both non-biological
crusts and shallow rooting vascular plants can contribute to soil
consolidation, raising the stability index (Eldridge and Leys, 2003).
Gravelly soil structure also reduces the role of microbiotic crusts in
preventing soil surface erosion. Increased rock and gravel cover
and elevated subsurface stability can significantly increase wind
erosion resistance in the granitic soils of the Mojave Desert (Belnap
et al., 2007a). Therefore, microbiotic crusts in JTNP likely do not
serve a primary role in soil surface stabilization.
4.4. Summary and implications for land management
In summary, microbiotic crusts of the Mojave Desert are limited
in their distribution compared to crusts of other arid regions ofNorth
America based on visual relative and absolute abundance data (see
Belnap, 2002; Baskin et al., 2003; Rosentreter and Belnap, 2003). The
edaphic drivers of soil crust development in cold deserts, such as the
Great Basin and Colorado Plateau, did not have a detectable influ-
ence on crust development in the hot deserts of JTNP. In this study,
well-developed crustswere associatedwith grusy, granitic soils near
granitic bedrock and outcrops rather than finely textured silts and
clays. Other factors implicated as important in crust development in
other regions, such as soil pH and EC were minimally important in
directly determining crust development in JTNP, as evidenced by the
CCAs. Although these factors can be linked to the underlying geology
of the site, they were insignificant in driving community structure.
Likewise, specific plant type did not influence crust establishment.
Instead, crusts were associated with a suite of factors that could
ameliorate the stressful climatic conditions of these hot deserts, by
potentially improving soil moisture availability, decreasing radiation
(and thus air temperature), or both. In those areas not supporting
crusts (no visual appearance and soil surface consolidation), we
suggest that crust development may be impeded by unsuitable
habitat conditions, since the wilderness areas included in our study
have experienced minimal anthropogenic disturbance for many
decades. Consequently, some areas of the Mojave Desert (including
JTNP) may be incapable of supporting significant microbiotic crust,
even in the absence of anthropogenic disturbance, although the
specific factors preventing more prolific establishment are not
definitively known.
Given the limited distribution of biological soil crusts in this
study, thosewith stewardship responsibility for public lands should
recognize that crusted sites in hot deserts, such as the Mojave
and Colorado Deserts, are rare communities that deserve special
protection and management efforts. This study should provide
guidance as to the factors influencing crust distribution and abun-
dance in these landscapes, with geology being an important driver.
Stressful conditions, such as limiting precipitation and high
temperatures likely prevent more abundant crust establishment in
these hot desert environments. Together, the distinctive drivers of
these communities and distribution pattern of crusts in these sites
make them unique and interesting communities worthy of future
study and protection.
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